The built-up areas in the catchments of small lowland watercourses faced with the risk of particularly devastating natural hazards. This risk is especially prevalent in the mouth reaches. The increasingly intense extreme natural phenomena, such as violent fl oods and long lasting droughts, increase the importance of irrigation, drainage and hydraulic structures. This paper presents the results of a comprehensive hydrological and hydraulic analysis of the functioning of a small lowland watercourse fl ow capacity in the context of water management in its catchment. The case study discussed below is a proposal that could be used by both the specialists and the designers working in the fi eld of water management. Methods are proposed for the determination of heavy rainfall in small ungauged agricultural catchments for the purpose of rainfall water management. The area under study consists of the lower reaches of R-4, a watercourse located in the agricultural village of Dobrzeń Wielki in the Opolskie province, the Upper Odra river basin. The authors have assessed the fl ow capacity of R-4 based on EN 752:2008 and carried out hydrological calculations for the area being analysed as well as hydraulic calculations for R-4. It was concluded, that the small lowland watercourse and the communication structures (culverts and pipelines) on its way indicated low fl ow capacity. Consequently, a rainfall water management concept was proposed for the water fl owing in the watercourse. A small retention reservoir with a total capacity of 3,132 m 3 and a surface area of 2,088 m 2 was also proposed to be constructed. In order to calculate the water infl ow to the reservoir the Bogdanowicz and Stachy formula was used. This model was selected because the maximum rainfall on agricultural land calculated from this formula meets the requirements of EN 752:2008. Moreover, this formula produced the highest runoff values compared to other models. The research carried out is in line with the goals of water management in rural areas, where the management model has changed.
INTRODUCTION
The changes in the usage of land, the rise in the density of population and buildings and the climate change result in a space-and time-related change in the nature of river runoff (Banasik and Hejduk 2012) . The densely populated areas in the mouth reaches of rivers on lowlands, which are hubs of agricultural production, are particularly vulnerable to the devastating effects of natural hazards. The small slopes of terrain characteristic for lowland catchments increase the susceptibility to fl ooding on considerable areas (Brauer et al. 2014) . Over the last 20 years, the extreme natural phenomena of increasing intensity, such as the heavy or long lasting rainfall lead to Hydrological and hydraulic analysis of a small lowland watercourse fl ow capacity and its functioning in the region of Silesian Lowlands in the context of rainfall water management MIROSŁAW WIATKOWSKI, ŁUKASZ GRUSS Institute of Environmental Engineering, Wrocław University of Environmental and Life Sciences considerable economic losses (Kotowski et al. 2010) . The risk and hazard related to extreme weather condition events result both from the probability of their occurrence for a given region and from the negative effects on the environment, society and agriculture (Łabędzki 2006 (Łabędzki , Kuchar et al. 2014 . The principles of dimensioning of soil drainage systems, including the principles of dimensioning of drainage, irrigation and sewer systems should be improved (Przybyła et al. 2011a , Brauer et al. 2014 .
In view of the increasingly violent abnormal weather conditions and increasingly frequent extreme phenomena (violent fl oods or long lasting droughts) the role and importance of irrigation and drainage structures is bound to increase in the coming years (Marcilonek et al. 1995 , Nyc and Pokładek 2007 , Rutkowski et al. 2011 . Unused opportunities for small retention in rural areas are identifi ed as dangers in fl ood and drought prevention (Mrozik and Przybyła 2013). According to Przybyła et al. (2011b) , the upkeep of irrigation and drainage structures and systems consists in maintenance, repairs and possibly restoration to keep them operational as required. Appropriate maintenance allows the usage of structures in decent technical condition for as long as possible and prevents them from deteriorating too fast. Mosiej et al. (2011) indicates, that on the one hand there is a number of contemporary conditions which limit the improvement of poor water infrastructure, on the other hand there are conditions that force a positive change in this feature.
This paper aims to provide a hydrological and hydraulic analysis of the functioning of a small lowland watercourse fl ow capacity denoted R-4 (Żydówka river tributary) in the village of Dobrzeń Wielki (south of Poland, the Opolskie province) in the Upper Odra river basin against the context of rainfall water management. The paper presents a methodology for the determination of heavy rainfall in small ungauged agricultural catchments for the purpose of rainfall water management.
MATERIAL AND METHODS

Characterisation of the subject of research
The catchment of the small lowland watercourse R-4 is located in the villages of Dobrzeń Wielki and Brzezie in the Dobrzeń Wielki commune, Opolskie province, in the water region of Middle Odra (Fig. 1) . The catchment of R-4 is ungauged. The catchment area of this watercourse is 0.829 km 2 . The catchment is visibly asymmetrical in shape and its southern part is more developed. Most of the catchment surface is covered with meadows and arable land (84.3%), the second largest part -with forest (1.2%) and the rest of the surface (16.9%) is covered with the built-up areas. The lower part of the catchment is covered mostly with built-up areas.
The division of Poland into climate regions presented by Alojzy Woś (1999) locates the catchment of R-4 in the Southern Lower Silesian Region (R-XXV). Over the years 1951-1980 there were on the average 162 days with precipitation in the area under study (Woś 1999) . However, this classifi cation does not include the period of huge fl oods triggered by rainfall, which occurred in the Odra river basin area in 1854, 1903, 1997 and 2010 .
The development of small villages means that land is required for residential housing and services and this in turn increases the overall area of paved surfaces. Consequently, the existing watercourses in the built-up area are being modernized. This is exemplifi ed by the watercourse section providing drainage in Dobrzeń Wielki, which was modernized through the construction of communication structures (culverts and pipelines).
The watercourse is 2.15 km long and fl ows into the Żydówka river at km 12,642 of its course. The area of the watercourse was developed by constructing nine road culverts and four pipelines under access drives to private properties and parking lots. Additionally, the biological reinforcement of banks was replaced with a technical reinforcement system -grid pavers. At km 0,000-0,400 both the bed and the embankments of R-4 are protected with grid pavers. Above this section, the channel is protected only with turf. The bottom width of the watercourse is variable and ranges from 0.6 to 0.8 m at km 0,000-1,277 (the land of Dobrzeń Wielki) and 0.9 m at km 1,277-2,150 (the land within the local administrative unit of Brzezie). In the area under study heavy fen soils occur (mapa.opolskie.pl, Programme for Environmental Protection 2005).
Scope of work
The scope of work includes: determining the catchment area (the surface area of the drainage basin), analysing the structure of land use in the catchment, hydraulic fi eld measurement of the watercourse and of the structures located on it, determining the fl ow capacity of the watercourse channel, calculating the discharge of the communication structures built on the watercourse, calculating the intensity of design storm with a given exceedance probability (p%) and a given FIGURE 1. Catchment of the small lowland watercourse R-4 duration time (t), determining the runoff of precipitation from the catchment under study, selection and dimensioning of the small retention reservoir.
Determination of the drainage basin area and of its structure of land use
The surface area of the catchment was determined based on the topographic maps in a scale of 1:10 000, in the "1992" coordinate system. We analysed the topographic profi le presented in the numerical model of terrain available at http://mapa.opolskie.pl. Theoretical results were validated by fi eld work. Moreover, the usage of the catchment of R-4 was determined and the surface runoff coeffi cient was calculated.
The fl ow capacity of the channel at 10 cross sections of R-4 was calculated from the low water level and the high water level of the communication structures (Fig. 2) . The total fl ow was determined using Manning's formula (EN 257:2008 , Sobota 2003 .
The discharge values for the communication structures (culverts and pipelines) were determined for entirely submerged (fi lled up) channels. The velocity coeffi cient (C) was calculated from the Kutter relationship and the roughness coeffi cient (m) was assumed to be the one for concrete pipes (m = 0.35).
In order to determine the characteristics of rainfall for the assumed duration times (15, 30, 60 and 120 min), three precipitation models were used by Bogdanowicz and Stachy, Lambor, Wołoszyn (Ciepielowski and Dąbkowski 2006, Kotowski et al. 2010) .
In order to determine the runoff of precipitation water from the catchment under study, the European standard EN 752:2008 was used. According to this standard, the recommended frequency of FIGURE 2. Location of cross sections on R-4 design storm to be used in the design of systems intended for evacuation of rainwater in rural areas should be once every 10 years (p = 10%).
After calculation of the rainfall characteristics, the precipitation runoff of the analysed catchment (Q) was determined according to the rational equation:
where: k -units conversion factor; C -dimensionless runoff coeffi cient; I -rainfall intensity (mm·min -1 ); A -area receiving rainfall (km 2 ).
A rainfall reservoir with restricted outfl ow capable of holding an appropriate amount of water was designed. The calculations for the designed reservoir were carried out according to the German standard ATV-A117 (1977) and in line with the guidelines presented by Geiger and Dreiseitl (1999) and Słyś (2008) . In order to calculate the discharges, the highest calculated values of rainfall intensity for various rainfall duration times (four variants) were used. The highest value of fl ow allowed us to calculate the time of infl ow of water to the reservoir. The depth and the slope of embankments were assumed in accordance with the design principles. When assuming the outfl ow from the reservoir, the lowest value of discharge for the channel and for the communication structure on the section "watercourse mouth -designed reservoir" was accounted for. This smallest value was assigned to be the value of outfl ow. It was assumed that this value would not cause damage downstream of the reservoir.
The time of infl ow of water to the reservoir was determined as the ratio between the watercourse length on the section "reservoir dam -source" and the fl ow rate. From the relationship: time of infl ow of water to the reservoir and the coeffi cient of fl ow reduction (η) the dimensioning coeffi cient Br was read from the nomogram.
The capacity of the reservoir was determined as the product of reservoir's volume and the dimensioning coeffi cient Br.
RESULTS AND DISCUSSION
Based on the analysis, it is clear that ground cover of the catchment under study is variable, hence a dimensionless runoff coeffi cient was determined: C = 0.14.
The inventorying of structures located on small watercourse R-4 has showed that the mouth of R-4 where it enters the Żydówka river consists of a pipeline denoted r-I, which has the smallest diameter (0.4 m) of all the average diameter values of other communication structures. Also the diameters of the two structures located in the built-up area, i.e. the culvert 2P and the pipeline r-II with diameter of 0.45 m, are smaller than the other diameters. The locations and parameters of structures are given in Table 1 (Wiatkowski et al. 2012) .
The calculated values of the fl ow capacity of the small lowland watercourse R-4 upstream and downstream of the communication structures are presented in Table 2 . The highest fl ow capacity was measured at the cross section P-7 (2.768 m 3 ·s -1 ) and the lowest value was recorded at P-10 (0.513 m 3 ·s -1 ). The calculated discharge values for culverts and pipelines are given in Table 3. The smallest discharge in all the surveying area of Dobrzeń Wielki is that of pipeline r-I (0.071 m 3 ·s -1 ) which constitutes the mouth of R-4, the highest value of discharge is that of culvert 1P (1.717 m 3 ·s -1 ). The hydrological calculations of rainfall intensity which were carried out using three precipitation models allowed us to obtain the maximum catchment runoff value for the rainfall duration time of 15, 30, 60 and 120 min and the probability of occurrence of 2, 5, 10, 20, 50 and 100% (Fig. 3) . The highest rainfall intensity with p = 1% and D = 15 min was obtained using the Wołoszyn formula. For the duration time of 30, 60 and 120 min, the highest values were those obtained from the Bogdanowicz and Stachy formula. The results for the rainfall intensity with the probability of occurrence of 2, 5, 10, 20 and 50% and the duration time of 15, 30, 60 and 120 min indicate that the highest values are those obtained from the Bogdanowicz and Stachy formula. However, the highest rainfall intensity with p = 100% was obtained using the Lambor formula.
The hydrological calculations of rainfall intensity which were carried out using the three precipitation models allowed us to obtain the catchment runoff values for the rainfall duration time of 15, 30, 60 and 120 min and the probability of occurrence of 1, 2, 5, 10, 10, 20 and 100%.
In the analysis of fl ow capacity of R-4 and of its structures we used the values of runoff corresponding to p = 10% determined with the Bogdanowicz and Stachy formula, this is because these values are higher than those obtained from the Lambor and Wołoszyn formulae.
By comparing: (a) the values of infl ow of water to the channel of R-4 obtained from the Bogdanowicz and Stachy formula for p = 10%, and (b) the discharge of the channel of R-4, we established that for a rainfall lasting 120 min the channel is able to convey an infl ow of Q = 0.600 m 3 ·s -1 of water over its entire length except for the cross section P-10. However, the shorter the rainfall duration time, the smaller the amount of surface runoff water that can be accommo- dated in the channel. When the rain lasts 60 min (and the infl ow to the channel is Q = 1.160 m 3 ·s -1 ), the channel capacity is suffi cient only on some sections of the watercourse: at hm 1.49-2.38 (the cross sections P-4 and P-5) and at hm 3.35--3.90 (cross section P-7). When the rain lasts 30 minutes (and the infl ow to the channel is Q = 1.934 m 3 ·s -1 ), the channel capacity is suffi cient only for cross sections P-5 and P-7. If the rainfall in the catchment lasted only 15 min, the infl ow value would be too high (Q = 2.900 m 3 ·s -1 ) to be accommodated by the channel.
Similar to the rainfall determined from the Lambor formula with the duration time of 15 min and the probability of occurrence of 1 and 2%, the intensity of rainfall with the duration time of 15 min and the probability of occurrence of 1, 2, 5% determined from the formulae of Bogdanowicz and Stachy and Wołoszyn would yield a runoff in excess of the channel discharge at the calculated cross sections. For the duration times under study (60, 120 min), only the infl ow of water to the channel with p = 100% is smaller than the discharge of the channel of R-4.
The calculations of discharge carried out for pipelines and culverts indicate that for a rainfall lasting 60 and 120 min and p = 10% calculated from all the three models only culvert 1P has a diameter suffi cient to evacuate water. For rainfalls lasting 15, 30, 60 and 120 min and p = 10%, the parameters (diameters) of all other structures are too small to evacuate water.
In order to calculate the parameters of the small retention reservoir, the runoff with p = 10% obtained from the Bogdanowicz and Stachy formula was used. The model was selected because the maximum rainfall on agricultural land calculated from this formula meets the requirements of EN 752:2008. Moreover, this formula produced the highest runoff values compared to other models.
The rainfall management concept developed by the authors would allow to keep the existing parameters of the channel of watercourse R-4 unchanged. The authors propose to construct a retention reservoir with the surface area of 2,088 m 2 , which could hold water during fl oods. Other parameters of the reservoir are given in Table 4 .
It was assumed that the reservoir would be 1.5 m deep and that the slope ratio of embankments would be 1 : 2. The calculated duration of water infl ow to the reservoir would be 43 min. The maximum infl ow of water to the reservoir was assumed to be the values of infl ow with p = 10% for various rainfall duration times. The outfl ow from the reservoir was assumed to be the value corresponding to Q = 0.071 m 3 ·s -1 . Figure 4 shows the location of the reservoir.
The main goal of the proposed small reservoir is fl ood protection. As confi rmed in the literature (Mioduszewski and Łoś 2002, Wiatkowski 2016) , any reservoir, regardless of its type and size, contributes to curbing the fl ood risk, simply by accumulating the excess of rainfall or meltwater. When designing a reservoir, one must above all else account for the amount of water that will be stored in it and for the reservoir location. In the case under study it is possible to fi nd a suitable location for a reservoir. It is also extremely important to remember that any reservoir is a technical structure and requires conscious exploitation, maintenance and repair (Wiatkowski 2015 , Mioduszewski 2016 .
CONCLUSIONS
Analyses prove that the watercourse R-4 will not be able to accommodate in its channel the infl ow of water determined based on the Bogdanowicz and Stachy and Wołoszyn formulae with the following characteristics: rainfall duration time of 15 min, probability of 1, 2, and 5%. Neither will it be able to accommodate the infl ow determined based on the Lambor formula with the rainfall duration time of 15 min and the probability of occurence of 1 and 2%. For the duration times under study (60, 120 min), only the infl ow of water to the channel with p = 100% is smaller than the discharge of the channel of R-4. The values of runoff obtained from the Bogdanowicz and Stachy formula, determined for p = 10% and compared to the channel discharge of R-4 show that the fl ow capacity of this channel is too small to accommodate the runoff resulting from a 15 min long rainfall. This may create a risk of fl oodings. Only for a rainfall lasting 120 min the runoff will be smaller than the discharge values determined for almost the entire length of the watercourse (except for cross section P-10).
The rainfall lasting 15 min with the probability of occurrence of 1, 2 and 5% determined from the formulae of Bogdanowicz and Stachy and Wołoszyn, similarly to the 15 min rainfall deter-FIGURE 4. Location of the designed reservoir mined from the Lambor formula with the probability of 1 and 2% would produce a runoff exceeding the channel discharge at the calculated cross sections.
As proved by a fi eld survey, there are several culverts and pipelines on the watercourse. The parameters of these structures (length and diameter) are varied. The calculated discharge values of the culvert and pipeline cross sections were compared with the obtained runoff values calculated for p = 10% (using all the three models). These values indicate that only the discharge of culvert 1P is high enough to evacuate water when the rainfall duration time is 60 and 120 min. All other communication structures are too narrow (the diameters are too small). The precipitation resulting from a 15 or 30 min long rainfall will exceed the discharge of all the communication structures located on the watercourse. The fact that the discharges of the communication structures are so small increases the risk of fl ooding on the land adjacent to the watercourse. The watercourse R-4 and its structures within the administrative area of Dobrzeń Wielki require a reconstruction. However, in some cases reconstruction may turn out to be unjustifi ed either economically or socially. One might also consider construction of a reservoir.
In order to calculate heavy rainfall in agricultural areas according to EN 752:2008, it is recommended to use the Bogdanowicz and Stachy formula, since the maximum rainfall obtained from it is in line with the requirements of this standard. Moreover, this formula produced the highest runoff values compared to other models.
The initial concept of handling the rainfall water evacuated through R-4 water course in Dobrzeń Wielki is based on the construction of a small retention reservoir with a capacity of 3,132 m 3 and a surface area of 2,088 m 2 . This reservoir should hold enough water during fl oods.
The methodology proposed in this paper for a hydrological and hydraulic analysis of the functioning of a small lowland watercourse R-4 fl ow capacity is an interesting concept that might be used in a practical way as a component of a reasonable water management.
The research carried out are consistent of the problem and consistent in line with the goals of water management in rural areas, where the management model has changed.
It should be noted that the upkeep of valley drainage and irrigation systems and the watercourses both as recipients of water from drainage structures and as channels allowing fl ood water evacuation in a manner safe for the inhabitants is paramount for a rational and effi cient management of water resources as well as for safety. dów deszczu na terenach rolniczych jest dostosowana do wymagań normy EN 752:2008. Dodatkowo stosując tę formułę, uzyskano największe wartości odpływu w porównaniu z pozostałymi modelami. Przeprowadzone badania wpisują się w zadania stawiane obecnie gospodarce wodnej na obszarach wiejskich, gdzie nastąpiły zmiany zagospodarowania.
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